We propose and experimentally realize a novel versatile protocol that allows the quantum state engineering of heralded optical coherent-state superpositions. This scheme relies on a two-mode squeezed state, linear mixing and a n-photon detection. It is optimally using expensive non-Gaussian resources to build up only the key non-Gaussian part of the targeted state. In the experimental case of a two-photon detection based on high-efficiency superconducting nanowire single-photon detectors, the freely propagating state exhibits a 67% fidelity with a squeezed even coherent-state superposition with a size |α| 2 =3. The demonstrated procedure and the achieved rate will facilitate the use of such superpositions in subsequent protocols, including fundamental tests and optical hybrid quantum information implementations.
The optical hybrid approach to quantum information, which consists in combining the traditionally separated discrete-and continuous-variable states and operations, have seen important developments in recent years [1, 2] . First demonstrations of hybrid protocols offering novel capabilities have been achieved, including a long-distance single-photon entanglement witness based on local homodyne detections [3, 4] or the deterministic continuousvariable teleportation of discrete quantum bits [5] . Quantum repeater architectures have also been investigated [6, 7] and the recent demonstrations of entanglement between particle-like and wave-like qubits [8, 9] open the promise of heterogeneous networks based on the combination of both encodings. This hybridization also finds a variety of unique applications in linear optical quantum computing [10, 11] and quantum metrology [12] .
Within this context, a considerable effort has been dedicated to the generation of highly non-Gaussian states of light [2] . Specifically, free-propagating coherent-state superpositions (CSS), also referred as optical Schrödinger cat states, are an essential resource. Such states of the form |α ±|−α consisting in a superposition of two coherent states with opposite phases and mean photon number |α| 2 , plays the role of qubits in the coherent state basis [13] [14] [15] . The size |α| 2 of the superposition is a critical parameter as it is directly related to the overlap between the two coherent-state components. A value |α| 2 = 2 gives already an overlap | α| − α | 2 = e −4|α| 2 3.10 −4 . Beyond their fundamental significance for hybrid Bell tests and the experimental study of mascropicity for quantum optical states [16, 17] , the generation of CSS with this minimal size and a generation rate large enough to allow subsequent operations will open a wealth of possible protocols and gate implementations [1, 2, 18] . However, such generation remains very challenging.
In this endeavor, various optical circuits have been developed to generate coherent-state superpositions using non-Gaussian resources. The first seminal scheme consisted in subtracting a single-photon from a single-mode squeezed vacuum [19] [20] [21] . This operation can be performed by tapping a part of the squeezed light and detect it with a single-photon detector. This process results in heralding a squeezed single-photon, which exhibits a high fidelity with an odd CSS state with |α| 2 ∼ 1. In order to reach larger α values, other protocols have then been implemented. Two-photon subtraction operated on squeezed light, with [22] or without [23] time separation, has led to values |α| 2 close to 2. An alternative method has provided a 3 dB-squeezed CSS state with |α| 2 = 2.6. For this purpose, a two-photon Fock state is first heralded, split on a 50/50 beamsplitter and one output is measured by homodyne detection [24] . A quadrature measurement within a given acceptance window is used as third conditioning. Recently, a similar approach based on the interference of two single-photons and homodyne conditioning has led to the same result [25] . In all these experiments, the generation rate is low, at the Hz level or below, precluding their use in subsequent protocols. This limited rate comes from either operation on single-mode squeezed light, where intrinsically only a small part can be tapped, or the requirement of three cascaded conditioning procedures.
In this paper, we propose and implement a scheme enabling the heralded generation of coherent-state superpoarXiv:1503.08970v1 [quant-ph] 31 Mar 2015 sitions with the minimal required resources. The demonstrated state engineering relies on two-mode squeezed vacuum and a n-photon detection performed on one of the two modes. No coherent displacement is required, in contrast to previous works [26, 27] . The process allows to optimize the formation of the coherent-state superpositions in a versatile way, focusing all the non-Gaussian resources to prepare only the non-Gaussian part of the state. Experimentally, using a type-II optical parametric oscillator (OPO), we generate a heralded state showing a fidelity of 67% with a squeezed even CSS with a size |α| 2 =3. The preparation rate is two orders of magnitude larger than achieved heretofore with the aforementioned schemes. We also provide detailed characterization of the process enabling to change the size of the superposition and its squeezing. These observations are made possible by the combination of a large escape efficiency optical parametric oscillator and high-efficiency superconducting nanowire single-photon detectors.
We first describe the proposed scheme, as illustrated on Fig. 1(a) . Two squeezed vacua,Ŝ(ξ)|0 , with a squeezing factor s = e −2ξ and λ = tanh(ξ), are first overlapped with a π/2 phase-shift on a tunable beamsplitter. This configuration has been widely used in the balanced case as it provides a two-mode squeezed vacuum state for subsequent operations, such as continuous-variable teleportation [28, 29] . In contrast, the beamsplitter here is asymmetric and a photon-counting measurement is performed on one of the outputs to herald the generation of the synthesized quantum state. In the following, we denote 1 the beamsplitter asymmetry, i.e. r = (1 + )/2. In the ideal case of a photon-number resolving detector, the detection of n photons in the conditioning channel heralds the conditional state
This expression stays valid with multiplexed on-off singlephoton detectors in the limit of low squeezing in order to neglect the multiple-photon components. Equivalently this scheme can be realized by starting from a two-mode squeezed state, i.e. photon-number correlated signal and idler beams |Ψ s,i = √ 1 − λ 2 λ n |n s |n i , as generated for instance by a type-II OPO below threshold. In this case, the two modes are orthogonally polarized and the mixing is realized by separating the two signal and idler beams after a small polarization rotation induced by a half-wave plate. The mixing parameter is therefore given by = sin(2θ). We note that the relative phase between the two CSS components can be easily controlled by birefringent elements inserted before the mode splitting.
Numerical simulations are displayed in Figs. 1(b) and (c) for a two-photon and a three-photon heralding detection. The fidelity is calculated with an ideal squeezed, odd or even, coherent-state superpositions as given by:
For each point, the fidelity is optimized by the size and the squeezing factor s = e −2ξ . Size |α| 2 as large as 3 for n = 2 and 5 for n = 3 can be obtained with fidelities above 98%.
This procedure is an example of a very general method to optimize the preparation of non-Gaussian states with Gaussian operations [30] . This study proved that Gaussian operations, such as squeezing, can reduce the required non-Gaussian resources for state preparation. By identifying the essential non-Gaussian operational cost, they defined a set of core non-Gaussian states that are good approximations of the targeted state via only a squeezing operation. This strategy can lead to better fidelities with fewer photon detections than methods based only on state truncation. Within this approach, the work reported here provides the best approximation of such core states for the targeted CSSs given available n-photon detection. In other words, it enables to produce the core state that requires the minimum number of photon detections to be prepared. The remaining squeezing operation can be physically implemented using for instance the universal squeezer already tested for non-Gaussian states [31] . Moreover, the core states are generally more robust against a damping than the superposition of coherent states itself [32] . They are therefore more suitable for the transmission and storage of non-Gaussian states.
We now turn to the experimental realization of this scheme. The setup is illustrated on Fig. 2(a) . The two-mode squeezed vacuum state is generated by a type-II OPO pumped far below threshold by a continuouswave, frequency-doubled Nd:YAG laser (Diabolo Innolight) [33] . The OPO is made of a triply-resonant semimonolithic linear cavity where the input mirror is directly coated on one face of a 10-mm-long KTP crystal (Raicol) and the output coupler is a curved mirror with a 38-mm radius of curvature. The input mirror exhibits an intensity reflection of 95% for the 532 nm pump and high reflection at 1064 nm, while the output coupler is highly reflective for the pump and has a 90% reflection for the infrared light, leading to a bandwidth equal to 60 MHz and an escape efficiency estimated to η OP O = 0.9.
At the OPO output, the orthogonally polarized signal and idler modes impinge on a half-wave plate and a polarizing beamsplitter, which enable to mix the two modes and separate the resulting orthogonal polarizations. An angle θ = 0
• corresponds to separate signal and idler without coupling them. The reflected mode, which is used for the heralding, is frequency-filtered to remove the non-degenerate modes due to the OPO cavity. This filtering is based on the cascading of a 0.5-nm interferential filter and a 320-MHz-bandwidth FabryPerot cavity [33, 34] . The filtered light is then split on a 50/50 fiber beamsplitter and detected by two superconducting nanowire single-photon detectors (SNSPDs) based on tungsten silicide (WSi) [35] . The optical stack of the SNSPDs was designed for maximum absorption at 1064 nm by optimizing the thickness of the dielectric layers. Details of the detectors system will be reported elsewhere. The system detection efficiency reaches 85% while the dark count rate is below 10 cps.
As the experiment is performed in the continuous-wave regime, the two detection events can occur at different times. Here, the accepted coincidence window between the two heralding triggers is set to 0.8 ns, much smaller than the typical time given by the inverse of the OPO bandwidth. As a result, the temporal mode in which the state is generated is given by a double-decaying exponential profile with a width at 1/e equal to 30 ns [36] . The heralded state is finally characterized by quantum state tomography via homodyne detection. Quadrature values accumulated from 50000 measurements are processed with a maximum likelihood algorithm [37] , which provides the density matrix of the heralded state and the corresponding Wigner function. The experiment is carried out in a cyclic fashion with 50-ms data acquisition and 50-ms locking and calibration periods. During the locking time, two auxiliary beams, which are otherwise blocked by mechanical shutters, are used. A first counter-propagating beam enables to lock the filtering cavity using a microcontroller-based technique [38] . A second very weak beam is injected into the OPO cavity. This beam is amplified or de-amplified depending on the relative phase with the pump. To set this phase, the intensity is locked at a constant level. The interference between the seed and the local oscillator is then used to access the phase of the quadrature measured by the homodyne detection.
As a first experimental characterization of the system, we consider the case θ = 0
• , which should lead to the generation of a two-photon Fock state. Figure 2(b) gives the measured quadrature distribution, the diagonal elements of the reconstructed density matrix and the corresponding Wigner function. Without correction for losses, the two-photon component reaches a value of 58%. This value is the highest fidelity reported to date. As the OPO is pumped far below threshold to suppress higher order terms, the three-photon component is kept below 3%. By correcting for detection losses, the two-photon component is 79 %, as limited by the square of the OPO escape efficiency η 2 OP O ∼ 0.8. We now investigate the evolution of the heralded state when the signal and idler mixing is increased. Figure 3 shows the density matrices and the corresponding Wigner functions for different values of the waveplate angle θ, from 0.5
• to 4.5
• . As can be seen, the mixing strongly modifies the generated states, which are not anymore phase invariant and exhibit two negative peaks in the Wigner functions. These peaks correspond to oscillations in phase space between the two coherent-state components. Remarkably, due to the efficient SNSPDs and the strategy based on two-mode squeezed light, the heralding rate reaches 200 Hz. This rate is at least 2 orders of magnitude larger than the ones achieved heretofore in experiments usually based on photon subtraction operated on single-mode squeezed light or involving three conditioning steps.
Turning then to a characterization of the generated state, we present in Fig. 4 the fidelity of the heralded state with an ideal squeezed even CSS, for two different angles. The fidelity is displayed as a function of the size |α| 2 of the superposition and its squeezing in dB. For θ = 1.5
• , as shown in Fig. 4(a) , a fidelity F = 0.67 ± 0.01 is obtained for a size |α| 2 = 3 and a squeezing of 4 dB. The generated state thereby exhibits the highest amplitude and fidelity reported to date for free-propagating CSS. Furthermore, the demonstrated scheme is very versatile. Indeed, by simply adjusting the mixing ratio , i.e. the wave-plate angle, the properties of the state can be engineered. For instance, as can be seen in Fig. 4(b) , the state generated with θ = 2.5
• exhibits a maximal fidelity F = 0.68 ± 0.01 for a size |α| 2 = 1.9 and a squeezing of 3 dB. For any targeted squeezing, one can find the optimal angle to be used.
In conclusion, we have proposed and implemented a scheme enabling a versatile quantum state engineering of squeezed coherent-state superpositions, which are essential highly non-classical states in the emerging field of optical hybrid quantum information processing. Given a n-photon detection, the protocol provides the best approximation of the non-Gaussian core state for the targeted CSS. Experimentally, in the case of a two-photon heralding, a 4 dB-squeezed even CSS state is obtained with |α| 2 = 3 in a well-controlled spatio-temporal mode. Importantly, this scheme is based on twin beams, and not on single-mode squeezed light or cascaded conditionings that usually strongly limit the heralding rate. The achieved preparation rate makes these states immediately suitable for subsequent experiments where they can be used as initial resources. . Fidelity between the generated state and a squeezed even coherent-state superposition, for (a) θ = 1.5
• and (b) θ = 2.5
• . The plots give the calculated fidelity as a function of the size |α| 2 and the squeezing in dB. The green crosses indicate the maximal fidelities. For θ = 1.5
• , the fidelity reaches 0.67 with an even CSS with a size |α| 2 = 3 and a 4-dB squeezing. For θ = 2.5
• , the fidelity reaches 0.68 with an even CSS with a size |α| 2 = 1.9 and a 3-dB squeezing. 
